Abstract Oligogenesis plays an important role in functional recovery after ischemic stroke. We tested the hypothesis that oligogenesis and the maturation of oligodendrocyte progenitor cells (OPCs) vary in different brain regions using a rat transient middle cerebral artery occlusion (tMCAO) model. Compared to day 1, olig2 + OPCs and oligodendrocytes (OLGs) increased in the peri-infarct basal ganglia (BG) 7 days (44%) and 14 days (61%) after 2 h of MCAO; OPCs (PDGFRα + ) and OLGs (CC1 + ) increased in this region 14 days after tMCAO by 139% and 126%, respectively. Although the olig2 + cells and OLGs did not increase significantly in the peri-infarct cortex (CTX), the OPCs increased in this region by 95% at day 14 vs. day 1 after tMCAO. The numbers of OPCs and OLGs remained low after an initial reduction at day 1 in the peri-infarct corpus callosum (CC). Correlation analyses showed that the numbers of olig2 + cells (r=0.73, P=0.03) and OLGs (r=0.74, P=0.02) correlated with local vessel density; however, the number of OPCs did not correlate with vessel density (r=0.43, P=0.24). Our data show that oligogenesis and the maturation of OPCs differ in various brain regions and the difference in regional angiogenic response is one of the potential reasons.
Introduction
White matter damage contributes to cognitive decline. White matter is particularly susceptible to stroke [1] [2] [3] [4] because white matter blood flow is lower than gray matter and there is little collateral blood supply in deep white matter [5, 6] .
Oligodendrocytes (OLGs) are one of the major cell types in the white matter in the central nervous system (CNS). OLGproduced myelin enwraps axons facilitating axonal conduction. The differentiation and maturation of OLGs in the adult brain maintain white matter integrity. OLGs are sensitive to ischemic insult because they are vulnerable to energy failure. In white matter, the saltatory conduction is highly dependent on ATP supply. Pathological Ca2+ entry occurs in part because of increased intracellular Na+ and membrane depolarization in OLG after stroke [7] . OLG swelling and death occur within minutes to hours after ischemic insult [1, 8] . OLG death causes demyelination of neurofibers that leads to neurologic deficits in stroke patients [9] [10] [11] . The main factors involved in the vulnerability of OLG to ischemic injury are oxidative stress [12] and excitotoxicity through the N-methyl-D-aspartate (NMDA) receptor [9] .
Mature OLGs in the adult mammalian central nervous system (CNS) are considered to be postmitotic and are unable to proliferate in response to injury [11] . However, there are abundant oligodendrocyte progenitor cells (OPCs) in the white matter of normal CNS. Animal studies show that OPC proliferation and maturation remyelinate the demyelinated neurofibers [13, 14] .
Evidence of OLG regeneration after ischemia has been demonstrated in previous studies. In a rat transient middle cerebral artery occlusion model (tMCAO), the number of OLGs decreased initially (1 and 2 days) and increased 1 and 2 weeks after reperfusion in the peri-infarct cortex (CTX) [15] . Myelin basic protein (MBP) messenger RNA (mRNA) increased in the ischemic peri-infarct zone 1 day after tMCAO in adult male of spontaneous hypertensive rats, and reached maximal levels 7 days after injury [16] . The number of OPCs also increased 1 and 2 weeks after tMCAO [17, 18] . However, the ability of OLGs to regenerate in different brain regions has not been analyzed in the tMCAO model.
Arai and Lo have shown in vitro that cerebral endothelial cells secrete trophic factors to support OPCs proliferation, suggesting a link between angiogenesis and oligogenesis in stroke recovery [19] . In this study, using immunocytochemical staining, we tested our hypothesis that oligogenesis and OPC maturation vary in different brain regions in a rat tMCAO model. To explore the potential local factors that influence oligogenesis and OPC maturation, we also analyzed the correlation between the increase of vessel densities and oligogenesis at the peri-infarct zone.
Materials and Methods

Transient Middle Cerebral Artery Occlusion (tMCAO) Model
Experimental procedures for using laboratory animals were approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco. Adult male Sprague-Dawley rats (280 to 300 g; Charles River Laboratories, Wilmington, MA, USA) were used. Focal cerebral ischemia was induced using the intraluminal MCAO method that was originally described by Koizumi et al. [20] and has since been modified by others [21] [22] [23] [24] [25] [26] . Briefly, a 4-0 monofilament nylon was inserted from the external carotid artery into the lumen of the internal carotid artery until it blocked the origin of the middle cerebral artery, which is about 18-20 mm beyond the origin of the internal carotid artery. The intraluminal suture was carefully removed 2 h later to reperfuse the brain. Brain samples were collected on day 1, day 7, and day 14 after reperfusion, three rats for each time point.
Histological and Immunohistochemical Staining
OLGs and OPCs were identified by immunostaining using antibodies specific to olig2 (a marker for both OLGs and OPCs) [27] , PDGFRα (a marker for OPCs) [27] [28] [29] , and CC1 (an anti-adenomatous polyposis coli antibody that recognizes mature OLGs and astrocytes) [30] [31] [32] . Since some endothelial cells also express PDGFRα [33] , the positive cells that overlaid with the vessel wall were not included in the cell quantification.
Brain samples were fresh frozen in dry ice and sectioned on a cryostat into 20-μm-thick sections. Cresyl fast violet staining was used to visualize the infarct region. TUNEL staining was performed using an ApopTag plus peroxidase in situ apoptosis detection kit (Millipore, Temecula, CA, USA) according to the manufacturer's protocol. A rat anti-mouse myelin basic protein (MBP) antibody (1:1,500; Millipore) was used for MBP immunocytochemistry. After incubation with the primary antibody at 4°C overnight, tissue sections were incubated with biotinylated goat anti-mouse IgG (1:500 dilution; Vector Laboratory, CA, USA) followed by ABC complex and 3,3′-diaminobenzidine (Vector Laboratory) to visualize the positive MBP stain. The sections were then counterstained with hematoxylin.
For immunofluorescent staining, sections were incubated at 4°C overnight with the following primary antibodies: rabbit anti-mouse Ki67 (1:200; Abcam, Cambridge, MA, USA), rabbit anti-rat Olig2 (1:800; Millipore), rabbit anti-PDGFRα (1:500; a gift from Dr. Michael Stallcup, Burnham Institute, San Diego, CA, USA), mouse anti-rat CC1 (1:20 dilution; Calbiochem, NJ, USA). After washing in PBT (0.1% Tween 20 in PBS), sections were incubated at room temperature for 1 h with Alexa Fluor 594-conjugated or Alexa Fluor 488-conjugated IgG (1:500; Invitrogen). Fluorescein-lycopersicin esculentum lectin (1:200) dilution (Vector Laboratory) was used to stain the endothelial cells. For the lectin staining, the sections were incubated overnight at 4°C and were mounted after washing. For negative controls, tissues were processed identically, omitting the primary antibody.
Quantification and Statistical Analysis
Two sections from each rat obtained between Bregma +1.5 mm and Bregma 0 were used for quantifying each of the cell types and vessel densities. The peri-infarct region was identified using cresyl violet-stained sections adjacent to the immunostained sections ( Fig. 1a and Supplementary  Fig. 1 ). The ×20 microscope objective fields chosen for quantification of cell numbers and vessel densities (number of vessels/×20 field) are shown in Fig. 1b . Since lectin can stain microglia and macrophages, we manually excluded these cells from the vessel counting by checking on the lectin and DAPI double-labeled sections. Numbers of TUNEL + , Ki67
+ were counted in three ×20 fields in the infarct core. The numbers of Olig2 + , PDGFRα + , and CC1 + cells, and vessels were counted in peri-infarct CTX (two fields), CC (one field), and BG (four fields, Fig. 1b ) using NIH Image 1.63 software. Data are presented as means±SD. Means were compared using one-way ANOVA analysis followed by Bonferroni post hoc correction. A P value of <0.05 was considered significant. The correlation between angiogenesis and oligogenesis was analyzed using Pearson's correlation coefficient assay. (Fig. 2) . The number of TUNEL-positive cells decreased over the next 14 days (39±11/field at day 7, P<0.001 vs. day 1; 16±4.6/field at day 14, P<0.001 vs. day 1). Few proliferating cells (Ki67 positive cells, 2±1/field) were detected in the ischemic core at day 1 after MCAO. Ki67 positive cells increased over the next 14 days (day 7-8±2.1/ field, P=0.04 vs. day 1; day 14-14±4.7/field, P=0.003 vs. day 1, Fig. 2 ). These data indicate a pro-apoptotic environment in the early stage and pro-proliferation environment in the later stage in both gray and white matter in the ischemic core after tMCAO.
Distortion of myelinated fiber tracts was detected in the ischemic core in the CTX, CC, and BG after tMCAO. The pattern of MBP staining, which identifies mature OLGs and their fibers, became distorted at day 1 after tMCAO (Fig. 3a) . The MBP staining pattern was unaltered in peri-infarct BG, CTX, and CC up to day 14 after the reperfusion (Fig. 3b) . Thus, the tMCAO model we used had severe white matter injury in the ischemic core but not in the peri-infarct region.
Oligogenesis in the Peri-infarct Region after tMCAO Oligodendrocyte precursor cell numbers increased in several regions within the peri-infarct area 7-14 days after tMCAO. In comparison to the contralateral regions, the olig2 + cells decreased in the peri-infarct BG: 0.9±0.07 (ipsilateral/ contralateral), CTX: 0.8±0.2, and CC: 0.8±0.1 1 day after tMCAO. Compared to day 1, olig2 + cells increased in the BG by 44% at day 7 (1.3±0.09, P=0.04 vs. day 1) and 61% at day 14 after tMCAO (1.5±0.23, P=0.02 vs. day 1, Fig. 4 ). In the peri-CTX, the number of olig2 + cells did not increase significantly at either day 7 (1.1±0.01, P=0.165 vs. day 1) or day 14 (1.1±0.04, P=0.165 vs. day 1) after tMCAO. The olig2 + cell numbers remained low in the peri-infarct CC at all the time points tested after tMCAO (Fig. 4) . Brain sections from rats at day 1 (1d), day 7 (7d), and day 14 (14d) after tMCAO were immunostained with an MBP antibody. b Images of peri-infarct region.
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There were fewer PDGFRα + OPCs in the peri-infarct zone compared to the similar region in the contralateral hemisphere at day 1 after tMCAO. The ratios of PDGFRα + OPCs between ipsilateral and contralateral sides were 0.8±0.22 in BG, 0.7±0.18 in CTX, and 0.6±0.32 in CC. Compared to day 1, the PDGFRα + OPCs increased 139% in the periinfarct BG (1.9±0.27 vs. day 1, P=0.04) and 95% in the peri-infarct CTX (1.29±0.11 vs. day 1, P=0.01) at day 14 (Fig. 5) . The number of PDGFRα + OPCs did not increase in CC at day 14 compared to day 1. However, the significant increase of OLGs (CC1 + ) was observed in BG only at day 14 (126%, 1.7±0.15, vs. day 1-0.7±0.24, P=0.006) after tMCAO (Fig. 6) . The OLGs did not change significantly in CTX and CC at day 7 and day 14 after tMCAO. These data suggest that active oligogenesis and OPC maturation occur mostly in the peri-infarct BG after tMCAO.
Correlation between Oligogenesis/OPC Maturation and Local Angiogenesis
To analyze the potential mechanism underlying the difference in oligogenesis and OPC maturation in various peri-infarct regions, we quantified vascular density in the brain samples collected at day 7 and day 14 after tMCAO. Compared to corresponding contralateral regions, the vessel densities were 34% higher in the peri-infarct BG (P=0.003) and 23% higher in the peri-infarct CTX (P=0.04) at day 14 after tMCAO, indicating active angiogenesis in these regions (Fig. 7) . The increase of olig2 + cells (r=0.73, P=0.03) and OLGs (r=0.74, P=0.02) correlated with the increase of vessel density (Fig. 8) . However, the number of OPCs (PDGFRα + cells) did not correlate with vessel density (r=0.43, P=0.24, Fig. 8 ). Thus, greater increase of vessel density partially correlated with greater oligogenesis in the peri-infarct BG and CTX and with better maturation of OPC in the BG than CC. These data suggest that the difference in oligogenesis and OPC maturation in various brain regions is due in part to the difference of angiogenic response to tMCAO in these regions.
Discussion
Evidence of OLG regeneration after ischemia has been demonstrated in previous studies [15] [16] [17] [18] . However, OLG regeneration in different brain regions has not been analyzed. In this study, we demonstrated that after tMCAO in the rat brain, oligogenic activity and OPC maturation differ in various brain regions and occur mostly in the periinfarct BG. We also found that OLGs (Olig/CC1 + ) increased less (ratio of ipsilateral vs. contralateral) than PDGFRα + OPCs in the peri-infarct region at day 7 and day 14 after tMCAO (Figs. 5 and 6), suggesting an impairment of OPC maturation in the ischemic brain.
Although we do not have direct evidence showing oligodendrocyte death preceding actual oligogenesis, we analyzed the total cell death and cell proliferation at different time points (Fig. 2) . Numerous apoptotic cells and few proliferating cells were detected in the ischemic region at day 1. The number of apoptotic cells diminished and the number of proliferating cells increased over time. In addition, there were fewer OPCs and OLGs in the ipsilateral compared to the contralateral hemisphere at day 1 after reperfusion. At days 7 and 14, compared to the contralateral hemisphere, there were more olig2 + and PDGFRα + in the ipsilateral basal ganglia and cortex. All of these data indicate that oligodendroglial cell death preceded actual oligogenesis. Ipi ipsilateral, con contralateral Impaired OPC maturation has also been shown by Miyamoto et al. [18] in a bilateral common carotid artery ligation (BCCAL) model. They found that while OPCs (PDGFRα + ) increased steadily between day 7 and day 14 after bilateral common carotid artery ligation (BCCAL), the density of mature OLGs (glutathione-S-transferase GST-pi + ) increased significantly at day 14 compared to the shamoperated control group, but then decreased to control level at day 21. These data together with ours suggest that OPC maturation is impaired in the ischemic-injured brain.
Contrary to our study in which the myelin density in the peri-infarct zone remained unchanged, others found a gradual increase of myelin density in the peri-infarct CTX [17] . Both studies relied on quantification of MBP expression after immunostaining, which may be assessed differently by investigators. More sophisticated quantification methods would help verify the changes of myelin density in the peri-infarct region.
The mechanisms underlying the difference in oligogenesis and OPC maturation in various brain regions after rat tMCAO are not clearly understood. Arai and Lo showed in vitro that cerebral endothelial cells secrete trophic factors, such as FGF and BDNF, that support the survival and proliferation of rat OPCs [19] . Their data suggest a novel oligovascular niche in the mammalian brain. In our in vivo study, we found that local oligogenesis and OPC maturation partially correlate with local angiogenic activity, supporting the notion of an oligovascular niche in the adult brain. Our data also indicate that there are additional local factors that participate in oligogenesis and OPC maturation after ischemic stroke, as the number of PDGFRα + cells did not correlate with local angiogenesis. [34] and that BMC exposure to the ischemic brain conditioned medium can produce trophic factors such as BDNF and FGF2 [35] . Thus, the recruitment of BMCs to the lesion site after ischemic stroke could be one of the additional local factors supporting oligogenesis and OPC maturation.
Gregersen et al. have shown that MBP mRNA expression is upregulated after rat tMCAO with a concomitant increased expression of growth-associated protein-43 (GAP-43) in neurons [16] . As GAP-43 is an axonal sprouting marker, their data indicate that neurons and OPCs/OLGs may cross-talk during the recovery stage of ischemic stroke. During the developmental stage, oligogenesis is dependent on homeodomain transcription factor expression such as Nkx6.1. These transcription factors are involved in the regulation of oligogenesis in a regionaldependent fashion [36] . As these transcription factors are also expressed in the adult brain, their role in the regional difference of oligogenesis and OPC maturation warrants further study.
Summary
In this study, we demonstrated that oligogenic activity and OPC maturation occur mostly in the peri-infarct BG after tMCAO in rats. Oligogenesis and OPC maturation partially correlate with local angiogenic activity, suggesting that the difference in angiogenic levels in various brain regions is one of the underlying mechanisms. Data gathered from our study warrant future research into other local factors that might be involved in the regulation of oligogenesis. 
